Cognitive functioning differs between males and females, likely in part related to genetic dimorphisms. An example of a common genetic variation reported to have sexually dimorphic effects on cognition and temperament in humans is the Val/Met polymorphism in catechol-O-methyltransferase (COMT). We tested male and female wild-type mice ( ) in the five-choice serial reaction time task (5CSRTT) to investigate the effects of sex, COMT genotype, and their interactions with environmental manipulations of cognitive functions such as attention, impulsivity, compulsivity, motivation, and rule-reversal learning. No sex-or COMT-dependent differences were present in the basic acquisition of the five-choice serial reaction time task. In contrast, specific environmental manipulations revealed a variety of sex-and COMT-dependent effects. Following an experimental change to trigger impulsive responding, the sexes showed similar increases in impulsiveness, but males eventually habituated whereas females did not. Moreover, COMT knockout mice were more impulsive compared with wild-type littermates. Manipulations involving mild stress adversely affected cognitive performance in males, and particularly COMT knockout males, but not in females. In contrast, following amphetamine treatment, subtle sex by genotype and sex by treatment interactions emerged primarily limited to compulsive behavior. After repeated testing, female mice showed improved performance, working harder and eventually outperforming males. Finally, removing the food-restriction condition enhanced sex and COMT differences, revealing that overall, females outperform males and COMT knockout males outperform their wild-type littermates. These findings illuminate complex sex-and COMT-related effects and their interactions with environmental factors to influence specific executive cognitive domains.
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gender | operant behavior | food ad libitum | psychiatric disorders I nvestigation of the interplay of sex, gene modifications, and environmental factors may provide insight into vulnerabilities that give rise to neurobehavioral disorders. The catechol-O-methyltransferase (COMT) gene constitutes an appealing candidate in the study of gene-sex-environment interactions, for a number of reasons, including that COMT modulates dopamine in the prefrontal cortex (PFC) (1) (2) (3) (4) ; PFC function varies between the sexes (5, 6); COMT exhibits sexually dimorphic associations in humans (7) ; and COMT is regulated by estrogen (8) . Moreover, PFC dopamine transmission is involved in multiple spheres of human behavior, thought, and emotion (9) . Consistent with this, COMT genetic variation leads to pleiotropic behavioral effects in humans as well as in mice (10) (11) (12) (13) (14) (15) (16) . In particular, remarkable similarities have been demonstrated between mice and humans with respect to the effects of COMT genetic variations on aspects of cognition, emotional arousal, pain sensitivity, and amphetamine responsivity (11) (12) (13) (14) (15) (16) (17) (18) .
A number of cognitive disturbances and psychiatric abnormalities such as schizophrenia, attention-deficit/hyperactivity disorder (ADHD), drug addiction, and autism present different behavioral characteristics depending on the sex of the subject (19) (20) (21) (22) (23) . Moreover, a growing body of evidence suggests that COMTrelated enzymatic activity and its relationship to several of these clinical phenotypes exhibit sexual dimorphism (SI Appendix, Table  S1 ). For instance, association studies of ADHD and COMT alleles suggest that attentional disorders may be modulated by a sex X COMT interaction (11, 24, 25) . Moreover, whereas genetic modifications that lead to reduced COMT activity have been linked to increased risk of obsessive-compulsive disorders (OCD) exclusively in males, they have been associated with nicotine dependence, panic, and anxiety-related disorders only in females (7, 26, 27) . COMT variation also shows dramatic interactions with sex in aspects of human personality (28) .
The contribution of COMT X sex interactions to increased individual vulnerability to psychopathology is evidently neither simple nor clear-cut. In the present study, our goal was to investigate sex and COMT effects in several different cognitive domains and examine how their interactions are regulated by environmental changes. To this end, we tested the influence of various environmental conditions on the cognitive performance of COMT genetically modified male and female mice in the five-choice serial reaction time task (5CSRTT). This paradigm requires subjects to detect brief flashes of light presented in a pseudorandom order in one of five spatial locations over a large number of trials. In particular, the 5CSRTT allows separate assessment of attention, impulse control, perseverative, and reactivity-related functions in rodents (29) . The current investigation illustrates the impact of sex, COMT genetic reduction, environmental influence, and their respective interactions on the neurocognitive modulation of attention, impulsivity, stress reactivity, compulsivity, flexibility, and motivation. , and −/− mice readily acquired this task and overall took an average of 39 d to reach the final stage 7. During the training phases, no sex or genotype differences or interactions were apparent in any of the parameters measured (SI Appendix, Fig. S1 ).
During the 100-trial stabilization and 2-wk baseline periods, no major sex or genotype differences or interactions were evident in most of the parameters measured (SI Appendix, Figs. S2-S4 ). During the baseline period, only one sex effect, but no interactions, was present: latency to correct choice (F 1,47 = 4.71; P < 0.05). Female mice were faster than their male counterparts to make a correct response (P < 0.05; SI Appendix, Fig. S4 ).
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This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: francesco.papaleo@iit.it. Trait Impulsivity Is More Enduring in Females and Is Higher in COMT Knockout Mice. Trait impulsivity in rats is revealed in the 5CSRTT when intertrial intervals (ITIs) are increased from 5 to 7 s (30). Here we demonstrated that, as in rats, mice are sensitive to this manipulation. Indeed, premature responses (an index of impulsivity) showed an effect of testing day (F 8,376 = 59.80; P < 0.0001), a sex X day interaction (F 8,376 = 4.06; P < 0.0005), and a COMT X day interaction (F 16,376 = 1.92; P < 0.05). A robust increase in premature responses was present in the days following the shift to 7-s ITIs (P < 0.0001; Fig. 1 G and H) . Male but not female mice exhibited a habituation-like process in that the effect of the 7-s ITI gradually decreased over sessions in males only (P < 0.0001; Fig. 1 G and H) . Finally, post hoc analysis of the genotype X day interaction effect revealed that +/− and −/− mice made more premature responses compared with +/+ littermates in the days in which the ITI was increased from 5 to 7 s (P < 0.05; Fig. 1 G and H).
Increasing ITI duration also affected choice accuracy (an index of attention). Choice accuracy showed a testing-day effect (F 8,376 = 18.38; P < 0.0001) and a sex X day interaction (F 8,376 = 2.80; P < 0.005). In particular, whereas in males, accuracy levels decreased during the first and third ITI change presentation (P < 0.05; Fig. 1A ), they decreased in all but the third ITI change session in females (P < 0.05; Fig. 1B) . Moreover, female mice had decreased accuracy levels relative to male counterparts during the fourth ITI change (P < 0.005; Fig. 1 A and B) .
Similarly, for incorrect responses, there was a testing-day effect (F 8,376 = 21.24; P < 0.0001) and a sex X day interaction effect (F 8,376 = 3.65; P < 0.0005). Specifically, incorrect responses increased during the days of the 7-s ITI change presentation in both males and females (P < 0.05). However, females made more incorrect responses compared with their male counterparts during the day of the last 5-to 7-s ITI shift (P < 0.0001; SI Appendix, Females Learn to Outperform Males. Starting from the impulsivity screening phase, marked sex effects were observed to be independent of manipulations and genotype. Indeed, during the 4 wk of the impulsivity screening, correct responses showed a sex effect (F 1,48 = 4.53; P < 0.05) and a sex X day interaction (F 8,376 = 4.58; P < 0.0001). Relative to males, females demonstrated a higher percentage of correct responses (P < 0.05; Fig. 1 C and D) . This was due to improvement in female performance around the 2 last days of testing in this phase (P < 0.05; Fig. 1D ). Similarly, for omissions, a sex X day interaction (F 8,376 = 7.72; P < 0.0001) revealed that female mice had fewer omissions compared with males (P < 0.05; Fig. 1 E and F). In particular, this was again due to improved performance of females on the 2 last days of this phase of the experiment (P < 0.05; Fig. 1F ). A sex effect was also present for the latency to produce correct responses (F 1,48 = 4.17; P < 0.05) and for the total number of responses (F 1,48 = 5.27; P < 0.05). Females made correct responses faster (P < 0.05) and displayed more total responding (P < 0.05), again due to a progressive improvement of their performance over time (SI Appendix, Fig. S5 ). These same sex-dependent differences endured and strengthened through the rest of the test (Figs. 2-4 and SI Appendix, Figs. S5-S14). COMT genotype did not influence these effects.
Males, Particularly COMT Knockout Males, Are More Sensitive to a Mild Stressor. COMT genetic modification modulates reactivity to stress (15) . We therefore investigated whether stress interacts with sex and/or COMT in the modulation of 5CSRTT performances. Mice were placed 2 d/wk in a clean new cage in light (∼800 lux) before the test (testing always took place during the dark cycle). The only parameters that appeared to be affected by this mild stress manipulation were accuracy and premature responding.
Choice accuracy showed a sex effect (F 1,48 = 10.81; P < 0.005), a testing-day effect (F 8,384 = 3.70; P < 0.0005), a sex X day interaction (F 8,384 = 2.77; P < 0.006), and a sex X genotype X day interaction (F 16,384 = 1.91; P < 0.02). In particular, stress-induced decreased accuracy was observed only in males (P < 0.05; Fig. 2A ) but not in females (P > 0.7; Fig. 2B ). Moreover, males showed lower levels of accuracy than females in the days of exposure to the stress (P < 0.005; Fig. 2 A and B) . Finally, the COMT +/− males showed a more robust decrease in accuracy compared with their +/+ littermates during the third time of stress manipulation (P < 0.0005; Fig. 2A) .
Premature responses showed a sex effect (F 1,48 = 10.84; P < 0.005), a strong testing-day effect (F 8,384 = 9.50; P < 0.0001), and a sex X day interaction (F 8,384 = 5.43; P < 0.0001). Males (P < 0.05), but not females (P > 0.80), showed a significant increase in premature responses following stress manipulation ( Fig. 2 G and H) . Moreover, males displayed higher levels of 
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. n = 7/11 per group throughout the figures. *P < 0.05, **P < 0.005, and ***P < 0.0005 vs. premature responses than females only during days of stress exposure (P < 0.05; Fig. 2 G and H). Even though there was no significant sex X genotype X day interaction effect (F 16,384 = 1.30; P = 0.19), a post hoc analysis of this interaction revealed that COMT +/− and −/− males made more premature responses than
littermates following the second and third stress exposure (P < 0.05; Fig. 2G ). This mild stress manipulation did not consistently impact other parameters ( Fig. 2 and SI Appendix, Fig. S6 ).
Amphetamine Effects on the 5CSRTT. Amphetamine may interact with COMT to affect cognition in both humans and mice (15, 17) . We then injected male and female COMT +/+ , +/− , and −/− mice with amphetamine (0.75 or 0.375 mg/kg, i.p.) on days 2 and 4 of 2 consecutive weeks. Amphetamine produced a treatment effect in choice accuracy (F 2,141 = 10.59; P < 0.0001), correct responses (F 2,141 = 34.63; P < 0.0001), omissions (F 2,141 = 31.52; P < 0.0001), premature responses (F 2,141 = 6.13; P < 0.005), latency to correct responses (F 2,141 = 14.39; P < 0.0001), and latency to reward (F 2,141 = 4.33; P < 0.05). Amphetamine impaired 5CSRTT performance, as it dose-dependently reduced choice accuracy (P < 0.05; Fig. 3 A and  B) , reduced correct responses (P < 0.0001; Fig. 3 C and D) , increased omissions (P < 0.0001; Fig. 3 E and F) , increased premature responses (P < 0.005; Fig. 3 G and H) , increased the latency to produce correct responses (P < 0.0001), and increased the latency to retrieve the food (P < 0.05; SI Appendix, Fig. S7 ). Perseverative responses showed an amphetamine-treatment effect (F 2,141 = 11.89; P < 0.0001) and a sex X treatment interaction (F 2,141 = 2.93; P = 0.05). This interaction reflected that amphetamine reduced perseverative responses in males (P < 0.0001) but not in females (P > 0.23) (Fig. 3 I and J) . No effect of amphetamine was present for incorrect and time-out responses (SI Appendix, Fig. S7 ). Thus, systemic administration of amphetamine in mice increased 5CSRTT premature responding and reduced response vigor as similarly found with rats (29) .
Motivational Shift Reveals Sex-and COMT-Dependent Effects. To examine cognitive differences between sexes and COMT genotypes under more natural conditions, we tested COMT knockout male and female mice in the 5CSRTT during ad libitum access to food. This manipulation eliminates the stress and metabolic components linked to the food-restriction procedures and might increase the sensitivity of operant tasks (31) . We first analyzed the parameters of the 5CSRTT, comparing the performance of the experimental groups before (i.e., during food restriction) and during the food ad libitum manipulation. This revealed that food ad libitum had a comparatively negative impact on performance, with no interactions with sex and COMT genotype: correct responses decreased (F 1,48 = 377.47; P < 0.0001; Fig. 4B vs. Fig. 3 E and F) , and reward latency increased (F 1,48 = 9.98; P < 0.005; SI Appendix, Fig. S8 vs. Fig. S7 ). This is consistent within an overall decrease in motivation, as would be expected. In contrast, this manipulation interacted with sex specifically for attentional indexes, as it decreased accuracy more in males than in females (F 1,48 = 9.85; P < 0.003; Fig. 4A vs. Fig. 3 A and B) .
Then, analyses of each single parameter revealed that the food ad libitum manipulation brought out effects that were not present during food-restriction conditions. Specifically, compared with males, females were more accurate (P < 0.0008; Fig. 4A ) and made fewer premature responses (F 1,48 = 4.85; P < 0.05; Fig. 4D ), broadening the indexes showing better performance in females. Indeed, consistent with earlier stages with food restriction, other sex effects revealed that, compared with males, females of all genotypes made more correct responses (P < 0.0001; Fig. 4B ), made fewer omissions (P < 0.0001; Fig. 4C ), made correct responses faster (P < 0.0001; SI Appendix, Fig. S8 ), and displayed more total responding (P < 0.0001; SI Appendix, Fig. S8 ).
Previously absent sex X genotype interactions appeared for correct choices (F 2,48 = 3.31; P < 0.05), omissions (F 2,48 = 3.09; P = 0.05), and perseverative responses (F 2,48 = 2.52; P = 0.09). Specifically, relative to their +/+ littermates, whereas COMT +/− and −/− males showed increased correct choices (P < 0.05; Fig. 4B ) and decreased omissions (P < 0.08; Fig. 4C ), no COMT-dependent differences were present in females (P > 0.40; Fig. 4 B and C) . Moreover, COMT −/− mice made fewer perseverative responses compared with +/+ (P < 0.05; Fig. 4E ). These results indicate that under food ad libitum conditions, reduced COMT activity enhanced 5CSRTT performance in males but not in females.
No Sex-or COMT-Dependent Differences During Rule-Reversal Learning.
Before testing the ability to revert an acquired rule (i.e., shifting the correct response from the illuminated to an unlit hole), we returned our mice to their baseline food-restriction performance. After weight restriction was reintroduced, males took about 1 wk to improve their performance back to baseline levels, whereas, in contrast, females displayed a complete behavioral recovery from the first day of the restabilization period (SI Appendix, Figs. S9 and S10). All mice, irrespective of sex and COMT genotype, were able to reverse the prior rule, suggesting that neither sex nor COMT impacts reversal learning in this paradigm (SI Appendix, Figs. S11 and S12).
Food ad Libitum Conditions Consistently Enhance COMT-and SexDependent Differences. We tested once again whether behavioral performance was modulated by food ad libitum conditions, this time in the context of the acquired reverted rule (i.e., correct responses in an unlit hole). As previously observed (Fig. 4 and SI Appendix, Fig. S8 ), testing mice under food ad libitum conditions revealed sex-and COMT-dependent differences that were not evident under food-restricted conditions (SI Appendix, Figs. S13 and S14). These results strengthen the conclusions that, under food ad libitum conditions, reduced COMT is advantageous in males but not in females and that this manipulation possesses the sensitivity to reveal sex-and genotype-dependent differences.
Discussion
The present results demonstrate that mice, and COMT knockout mice in particular, are an informative tool for investigating the influence of sex X gene X environment interactions on cognitive abilities implicated in a variety of human cognitive disorders. Moreover, the 5CSRTT and the environmental manipulations tested proved to be a sensitive tool for detecting these sex-and gene-dependent vulnerabilities. In particular, sex and COMT genotype differences that emerged during environmental manipulations were not generally present during the initial acquisition and execution of the task, highlighting the importance of environmental changes in triggering sex-or gene-dependent vulnerabilities.
No Major Sex or COMT Differences in Training and Stabilization.
Neither sex nor COMT genotype exerted a robust effect on either acquisition or baseline performance in the various cognitive functions assessed by the 5CSRTT. Thus, the sex and genotype differences found in the successive manipulations are likely real sex and/or genotype vulnerabilities dependent on environmental changes. Our previous work uncovered a strong effect of COMT genotype on working memory in males (15) . However, in this study, COMT reductions did not have a robust effect on either acquisition or performance of the standard 5CSRTT. This suggests that COMT has a relatively more specific influence on the modulation of working memory than on sustained attention, where its role appears to be more subtle. This is analogous to human studies showing inconsistent effects of COMT genetic functional variance on measures of attention using the Continuous Performance Test (14) . The 5CSRTT is in fact modeled after this human test. Previous studies in rats reported that sustained attention in the 5CSRTT depends on the PFC and might be modulated by D1 dopamine receptor agents (32, 33) . In particular, infusion of a D1 agonist (SKF38393) into the medial PFC enhanced the performance of rats with low (<75%) but not high (>75%) baseline levels of accuracy (32) . Thus, given the relevance of COMT knockout mice as a model of increased dopamine flux in the PFC, and the high levels of accuracy reached by most of our mice (>80%), the lack of impact of COMT genetic disruption on baseline 5CSRTT performance is probably not surprising. In agreement, only limited evidence has shown an effect of COMT polymorphisms on attentional processes in humans (11) . In particular, these studies have reported that COMT Met subjects, who are a human analog to our knockout mice, perform better in parameters of lapses of attention, conflict monitoring, and distractibility (34) (35) (36) . Thus, either COMT is not strongly implicated in the sustained attention abilities assessed by the standard 5CSRTT or "ceiling effects" made it difficult to detect the expected improvements.
More Enduring Impulsive Behavior in Females and Higher Trait Impulsivity in COMT Knockout Mice. In contrast to the lack of marked effects of sex and COMT genotypes on baseline cognitive performance in the 5CSRTT, sex and COMT did impact environmental modulation of performance. We investigated trait impulsivity by adopting a test manipulation previously used in rats (30) . Similar to rats, in both male and female mice, increasing the intertrial interval from 5 to 7 s resulted in an increase in premature responding with no significant effects on other measures. However, whereas males seem to learn a "strategy" to cope with the increased demands of response inhibition during the increased delay, whereby the intensity of their impulsive responses diminished with repeated 5-to 7-s ITI shift exposure, this adjustment was absent in females. In agreement, female mice and rats have previously demonstrated higher impulsivity than males in delay-discounting paradigms (37, 38) . Premature responses are thought to reflect a failure of inhibitory response control, appearing when preparatory response mechanisms are disrupted (39) . Thus, our results indicate that this manipulation can be successfully applied to genetically modified mice, and suggest that male mice might be more resistant to repeated impulsivity screening than females. We also found increased premature responding in COMT knockouts relative to wild types during the 5-to 7-s ITI shift. Furthermore, during exposure to a mild stress, we found again increased impulsive behavior in COMT knockout mice, but now only in males. This suggests that a relative COMT decrease results in increased trait impulsivity measured by response inhibition and, that under conditions of stress, this effect is exaggerated in males. It is interesting to note that response-inhibition deficits are present in OCD (40), and that the COMT Met polymorphism (i.e., reduced COMT activity) has been consistently associated with increased risk for OCD in men but not in women (26, 27) . Similarly, considering that impulsivity is an important factor in suicidal behavior (41) , the COMT Met allele has been reported to be a risk factor for suicide in men but not in women (42, 43) . The COMT Met allele has also been associated with increased aggressive behavior in men (44) , which may be another reflection of impulsivity (40, 41) . In agreement with these human studies and paralleling our present data, male mice with reduced COMT show increased aggressive behavior (1). Finally, these results are at least theoretically consistent with the finding that the COMT Met variant has been associated with ADHD in males but not in females (24, 45) , another condition characterized by impulsivity. Thus, inappropriate responsivity to stressful events dependent on reduced COMT may be related to the expression of psychiatric disorders related to impulse control, particularly in males.
Mild Stress Impairs Attention and Increases Impulsivity in Males, and Particularly in COMT Knockout Males. Males in general and COMT +/− and −/− males in particular were more sensitive than females to the disruptive effects of a mild stressor on attentive and impulsive abilities. Several lines of evidence suggest that there are sex differences in biologic and behavioral responses to stress, and sex-based differences are common in some psychiatric illnesses (46) . The 5CSRTT has been used as a preclinical rodent test to study ADHD (29) . It is thus interesting to note that our results mirror the finding that ADHD symptoms are often worsened by stress, that boys are more likely to be diagnosed with ADHD than girls, and that girls with ADHD exhibit lower ratings on inattention and impulsivity relative to boys (22, 46 ). Here we demonstrate that males are more sensitive to the negative effects of physical stress or that the stressor we picked is perceived as more stressful to males in measures of attention and impulsivity. We cannot conclude, however, that this effect translates to stress in general, because females might be more vulnerable to other stressors (e.g., social stressors).
Food ad Libitum Conditions Show Greater Sensitivity in Detecting
Sex-and COMT-Dependent Differences. Food restriction is a stressful condition that increases reward seeking/motivation, and the food ad libitum condition may serve as a more sensitive method of detecting environment-and genetic-dependent differences (31, 47) . In support of this, testing under food ad libitum conditions revealed sex-and COMT-dependent effects that were not evident under food restriction. Specifically, this manipulation proved to be more sensitive in detecting females' better performance compared with males, as their relatively superior accuracy was not evident in manipulations with food restriction. Choice accuracy is an index of attention thought to bypass nonspecific influences such as motivational factors (29) . Thus, we can conclude that food ad libitum conditions are more sensitive in detecting sex-dependent differences. Moreover, these results strengthened evidence that compared with males, females work harder and more efficiently in the 5CSRTT.
Male mice with reduced COMT outperformed their wild-type littermates during the food ad libitum phase, showing increased correct choices and decreased omissions. This is in agreement with findings in humans and mice showing that reduced COMT per se is advantageous for cognitive performance (11, 13, 15) . Interestingly, these COMT-dependent effects were not present in females. This is further evidence that the effects of COMT genotype on cognitive function depend on sex, the demands of a specific task, and environmental conditions. The manipulation of satiety (i.e., devaluation) has been used by others to study possible involvement of habitual-like processes (48, 49) . Our paradigm was not designed to study habitual behaviors. However, because the reduction of food value immediately reduced performance despite the mice having arrived at this stage after extensive training, the actions measured by the 5CSRTT seem more goal directed than habitual. Moreover, possible habitual processes might be sex and COMT independent, as all groups of mice similarly reduced their motor responses following this manipulation.
In conclusion, the present results add to a growing body of research showing complex sex-gene-environment interactions in various aspects of cognition, behavior, and possibly vulnerability to psychiatric disorders. In particular, our data highlight that effects of genotype are rarely as simple as painted by studying only one sex under a single condition. COMT genetically modified mice, because they exhibit alterations in cortical circuits important for processing of cognition and emotion, illustrate these principles and further suggest that inconsistencies in prior clinical associations may be confounded by such sex and environmental factors (SI Appendix, Table S1 illustrates COMT-dependent sexually dimorphic effects in humans contrasted with mice studies). These sex-genotype-environment interactions may be reliably studied in clinically relevant mouse models and may have important implications for the development of future therapeutic strategies.
Materials and Methods
All procedures were approved by the National Institute of Mental Health (NIMH) Animal Care and Use Committee and followed National Institutes of Health guidelines (50) . Three-to 6-mo-old COMT null mutant mice (1, 15) ) and sex (males or females) as between-subject factors and repeated measures as within-subject factors were used for the training, stabilization, baseline, impulsivity screening, stressor, before/during food ad libitum, and reversal phases. Three-way ANOVAs with genotype, sex, and amphetamine treatment (no injection, amphe0.375, or amphe0.75) as independent variables were used for the amphetamine-treatment phase. Twoway ANOVAs with genotype and sex as independent variables were used for the food ad libitum phases. For clarity, we report in the main text only the significant main effects and interactions. Complete and detailed statistical analyses are reported in SI Appendix. For clarity, results in the figures are represented separately but paired by sex and using the same scales for each parameter. The Tukey honest significance test (HSD) for unequal N post hoc testing was used for individual group comparisons. The accepted value for significance was P ≤ 0.05.
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